a-Synuclein (a-Syn) is an intrinsically disordered protein in solution whose fibrillar aggregates are the hallmark of Parkinson's disease (PD). Although the specific function of a-Syn is still unclear, its high structural plasticity is key for the interactions of a-Syn with biological membranes. Recently, it has been observed that a-Syn is able to form high-density lipoprotein-like (HDLlike) particles that are reminiscent of self-assembling phospholipid bilayer nanodiscs. Here, we extended our preparation method for the production of a-Syn lipoprotein particles to the b-and c-Syn variants, and the PD-related familial a-Syn mutants. We show that all human Syns can form stable and homogeneous populations of HDL-like particles with distinct morphologies. Our results characterize the impact of the individual Syns on the formation capacity of these particles and indicate that Syn HDL-like particles are neither causing toxicity nor a toxicity-related loss of a-Syn in PD.
a-, b-, and c-Synuclein (Syn) form a family of charged proteins that are exclusively found in neurons. a-Syn plays a key role in Parkinson's disease (PD) [1, 2] by initiating amyloid fibril formation of b-sheet structure [3] [4] [5] . The natural state of a-Syn inside the cell [6] and in an aqueous solution is monomeric and largely unstructured [7] [8] [9] . However, membrane-mimicking environments containing anionic phospholipids [9] [10] [11] or anionic detergents [12] trigger a conformational transition within the seven imperfect N-terminal repeat region ( Fig. 1 ) toward a helical state reminiscent of the amphipathic helices found in apolipoproteins [7, 10, 13] .
Multiple in vivo functions ranging from vesicle pool maintenance [14, 15] , regulation of dopamine neurotransmission [16, 17] , transport of lipids and fatty acids [18] [19] [20] [21] [22] , membrane trafficking [23] [24] [25] , synaptic plasticity [26] [27] [28] to the assistance in SNARE complex formation [29] [30] [31] [32] are based on observed a-Synmembrane interactions. However, there is evidence that membranes can also play a role in the aggregation of a-Syn [33] [34] [35] [36] [37] .
Recent studies detail the observation of high-density lipoprotein-like (HDL-like) particles consisting of multiple a-Syn molecules that encapsulate anionic lipid bilayers [38, 39] . In these protein-lipid entities, residues 1-100 of a-Syn adopt a broken helical conformation to form the core structure, while the 40 C-terminal residues remain in a random-coil state [38] . The close resemblance in size between crosslinked in vitro-derived a-Syn lipoprotein nanoparticles and a cross-linked species of endogenous a-Syn from Abbreviations EM, electron microscopy; HDL-like, high-density lipoprotein-like; PD, Parkinson's disease; SEC, size-exclusion chromatography; Syn, Synuclein; WT, wild-type.
SH-SY5Y cells [38] may point to a potential functional relevance of these protein complexes in vivo during lipid transport events or membrane remodeling.
In the present study we show that all three variants of Syn (i.e., a-Syn, b-Syn, and c-Syn) and the PD-related familial a-Syn mutants are able to form HDL-like particles and describe their impact on the lipoprotein particle formation.
Experimental procedures
Expression of the Synuclein family and the familial a-Synuclein mutants Wild-type (WT) a-, b-, and c-Syn and the familial a-Syn mutants A30P, E46K, H50Q, G51D, and A53T were overexpressed in the Escherichia coli strain BL21 Star TM (DE3) pLysS (Invitrogen, Carlsbad, CA, USA) and purified as described previously [40] .
Preparation of Synuclein lipoprotein particles
Syn lipoprotein particles consisting of sphingomyelin (brain, porcine, Avanti Polar Lipids) were produced following the protocol by Eichmann et al. [38] at a protein-tolipid ratio of 1 : 40. For WT a-Syn also the incubation time with biobeads with 6 h instead of 2 h was investigated. Subsequently, the reactions were subjected to sizeexclusion chromatography (SEC) using a Superdex 200 10/ 300GL gel filtration column (GE Healthcare, Chicago, IL, USA) and eluted at a flow rate of 0.5 mLÁmin À1 in 20 mM
Bis-Tris-HCl pH 7.0 containing 150 mM NaCl. The concentration of reinjected, N-terminally acetylated a-Syn sphingomyelin lipoprotein particles was increased using a 3-kDa molecular weight cutoff Centricon (Amicon, Merck Millipore, Billerica, MA, USA) concentrator.
Negative-stain electron microscopy (EM)
A total of 5 lL of Syn lipoprotein particles at a concentration of 10 lM in 20 mM Bis-Tris-HCl pH 7.0, 150 mM NaCl [45] . Amino acid residue identity is indicated by '*', ':', and '.' for fully, strongly, and weakly conserved residues. The sequence alignment has been done using the software Clustal Omega [41] .
were deposited for 1 min on a glow-discharged carboncoated copper grid, which was blotted and washed twice with drops of H 2 O before staining with 2% w/v uranyl acetate for 15 s. EM micrographs were then collected using a FEI Morgagni 268 transmission electron microscope operated at 100 kV.
Results
Sequence similarity of the Synuclein family with the Apolipoprotein A-1
As previously observed, there is a significant sequence similarity between a-Syn and the Apolipoprotein A-1 [39] . Here, we expanded this sequence alignment to include b-and c-Syn. Applying a multiple protein sequence alignment of the Syn family members a-, b-, and c-Syn with the Apolipoprotein A-1 using Clustal Omega [41] shows that the highest similarity is found for b-Syn (21.5%) followed by a-(19.1%), and c-Syn (18.7%) (Fig. 1 ).
Lipoprotein particle formation of the Synuclein family and the familial a-Synuclein mutants
Stable nanometer-sized lipoprotein particles composed of the cell membrane lipid sphingomyelin and members of the Syn family were produced following the protocol described by Eichmann et al. [38] . Specifically, a-Syn and its N-terminally acetylated form, the nonacetylated a-Syn mutants, A30P, E46K, H50Q, G51D, and A53T, as well as nonacetylated b-and cSyn were mixed with sphingomyelin dissolved in sodium cholate at a molar protein-to-lipid ratio of 1-40. Subsequently, lipid-bound Syn species were detected by SEC at a retention volume of~8 mL (aSyn(H50Q) and c-Syn) and~10 mL (a-and b-Syn) separated from monomeric Syn (retention volumẽ 15 mL) (Figs 2 and 3 ). The extent of lipoprotein particle formation was quantified from the integrated areas of the two SEC elution profile peaks (Table 1 ). In the case of a-Syn, N-terminally acetylated a-Syn, b-, and c-Syn the SEC elution profiles indicate that the propensity of lipoprotein particle formation increases in the above-specified order with values of the populated lipoprotein particle species of 65, 79, 87, and 96%, respectively. Comparing the populations of the lipid-bound a-Syn mutants shows that A30P favors lipoprotein particle formation only to 50% while higher populations are observed for E46K (64%), H50Q (65%), and A53T (80%). Full conversion from a monomeric state into a lipid-protein entity is exclusively detected for the a-Syn familial variant G51D (Fig. 3, Table 1 ). The stability of the Syn lipoprotein particles and the exchange between lipid-bound and free Syn was investigated by reinjecting the concentrated SEC fraction at~10 mL containing 1-and 3-day-old, N-terminally acetylated a-Syn sphingomyelin lipoprotein particles, respectively. The SEC elution profile shows only one peak at~10 mL, which corresponds to a-Syn sphingomyelin lipoprotein particles, and no detection of free a-Syn (Fig. 2) indicating that these particles are stable without establishing a dynamic equilibrium between a-Syn sphingomyelin lipoprotein particles and free a-Syn. For WT a-Syn, it was further observed that the amount of the ratio between monomer and lipoprotein particles obtained from the SEC elution profile did not alter significantly when the preparation time of the formation was prolonged from 2 to 6 h (data not shown).
Morphology of the Synuclein lipoprotein particles
The morphology of the Syn sphingomyelin lipoprotein particles eluting at~8 and 10 mL in the SEC were assessed by negative-stain EM (Figs 2 and 3 ). In line with our previous findings [38] , population of circular particles were observed for a-and b-Syn as well as the a-Syn mutants A30P, E46K, G51D, H50Q, and A53T with diameters of~25 nm (Figs 2 and 3) . In contrast, sphingomyelin lipoprotein particles formed by c-Syn are substantially larger (~60 nm) and are characterized by an elongated elliptical shape (Fig. 2) .
Discussion
The seven imperfect repeats in the N-terminal region of the Syn primary sequences, which are reminiscent of the amphipathic helices found in apolipoproteins, mediate binding to membranes in vitro while the Cterminal residues remain substantially unstructured [7, 10, 13, 38] . Comparing the degree of protein sequence similarity between the different members of the Syn family with the Apolipoprotein A-1 reveals that the propensity of Syn sphingomyelin lipoprotein particle formation is independent from the sequence similarity but is dictated by length of the acidic C terminus, that is, c-Syn 96% lipoprotein particle formation (18.7% identity, total number of amino acids 127), b-Syn 87% (21.5% identity, total number of amino acids 134), and a-Syn 65% (19.1% identity, total number of amino acids 140). In addition, the SEC data show an increase in a-Syn sphingomyelin lipoprotein particle formation by 14% upon N-terminal acetylation of a-Syn, a post-translational modification present in all mammalian cell systems [6, 42, 43] , which in solution increases the population of a transient helix within the N terminus and thereby enhances lipid binding [44] . These findings indicate that the extent of the amphipathic helix formation is key in the formation of Syn HDL-like particles. This notion finds support by plotting the degree of HDL-like particle formation of the familial a-Syn variants versus their relative helix propensities (Fig. 4) . For example, the amino acid replacement Gly to Asp in the G51D variant increases the helical propensity of a-Syn by +0.45, which is reflected by an almost complete incorporation of a-Syn(G51D) into sphingomyelin lipoprotein particles, while for the variant A30P having a decreased predicted helix propensity of À0.86 only about half of the protein is forming HDL-like particles. The only exception within this correlation is the data of a-Syn(A53T), which has a mutation outside the helical region (between predicted helix IV and V in Fig. 1 ). Thus, it is expected that this mutation does not have an influence on the formation of HDL-like particles. Surprisingly, a-Syn (A53T) shows an increase of sphingomyelin lipoprotein particle formation to the same degree as observed for N-terminally acetylated WT a-Syn (Figs 1-4) . Considering that some of the familial variants display a decreased (i.e., A30P, E46K) while others an increased level (i.e., G51D) in HDL-like particle formation compared to WT a-Syn, it can be rationalized that in PD the HDL-like particles are neither causing toxicity nor a toxicityrelated loss of a-Syn function. Finally, it is worth mentioning that in addition to the propensity variation in lipoprotein particle formation among the Syn family and its variants, distinct morphology differences are observed as revealed by negative-stain EM ranging from roundish (a-Syn) to more elongated elliptical (c-Syn) shapes.
In conclusion, our presented data show that the entire family of human Syns including the familial mutants of a-Syn is able to form HDL-like particles with different morphologies. However, single-point mutations in the amino acid sequence of a-Syn can have a significant impact on the capacity to form HDL-like particles. It remains to be demonstrated that these Syn lipoprotein particles are present in vivo with a specific biological function.
